† Background and Aims Previous studies have shown that silica in grass leaves defends them against small herbivores, which avoid high-silica grasses and digest them less efficiently. This study tested the idea that silica can reduce digestibility by preventing the mechanical breakdown of chlorenchyma cells. † Methods Both the percentage of total chlorophyll liberated from high-and low-silica grass leaves by mechanical grinding and the chlorophyll content of locust faeces were measured. † Key Results High-silica grasses released less chlorophyll after grinding and retained more after passing through the gut of locusts, showing that silica levels correlated with increased mechanical protection. † Conclusions These results suggest that silica may defend grasses at least in part by reducing mechanical breakdown of the leaf, and that mechanical protection of resources in chlorenchyma cells is a novel and potentially important mechanism by which silica protects grasses.
INTRODUCTION
Silica can constitute 2 -6 % of the dry weight of the leaves of grasses, many times higher than is typical in dicotyedonous plants (Russel, 1961) . It is actively taken up as silicic acid from the soil (Ma, 2006) , and the majority is deposited as hydrated amorphous silica within the lumen of epidermal cells, forming bodies known as phytoliths, whose shapes are characteristic of individual grass taxa (Parry and Smithson, 1964; Kaufmann et al., 1985) .
It has been suggested that phytoliths act as a defence against both vertebrate and invertebrate herbivores by increasing the abrasiveness of grass leaves; they wear down the teeth of herbivores and hence deter feeding. The fossil record supports this, since the evolution of high crowned teeth among the Ungulata, continuously growing teeth among the Rodentia and Lagamorpha, and enlarged mandibles in the Lepidoptera and Orthoptera, have all been linked to a diet of grass (Isely, 1944; Simpson, 1951; Stebbins, 1981; Jernvall and Fortelius, 2002) . Furthermore a diet of silica-rich grass apparently causes microwear scratches on teeth (Baker et al., 1959; Walker et al., 1978) .
Recent experimental work has also supported this hypothesis. Grasses grown with additional silica were significantly more abrasive than those grown without , while in interspecific comparisons, abrasiveness of grass leaves was proportional to silica content (Massey et al., 2007) .
Palatability studies also showed that high silica deterred feeding in three small herbivores with chewing mouthparts: field voles, locusts and army worms Massey et al., , 2007 , all herbivores preferentially eating low-silica grasses when given a choice. When these herbivores were forced to eat high-silica grasses, they also grew more slowly than when fed on low-silica grass . However, this was not because they ate less high-silica grass, but because they absorbed a smaller proportion of its total carbohydrates and nitrogen . This suggests that silica defends grasses by reducing its digestibility, not just palatability. How? One possibility is that the silica acts chemically, preventing digestion or absorption. Another, is that herbivores might reduce the amount they chew when eating high-silica grass, to avoid excessive abrasion. This would reduce mechanical breakdown of the cells. A third alternative is that silica particles directly protect the protein-and starch-filled chlorenchyma cells in the leaf from being broken down by chewing. Previous work on orthopterans has shown that, because they lack enzymes that can break down the cell wall, they need to chew their food to break open or disrupt the walls of the chlorenchyma cells (Hochuli, 1996; Clissold et al., 2004) . This is necessary to extract starch and proteins; starch is largely stored in chloroplasts, where Rubisco, by far the most common leaf protein, and other important photosynthetic proteins are also located (Raven et al., 1999) . Since the vast majority of silica particles have dimensions between 10 mm and 20 mm (Sanson et al., 2007) , they are of similar size to grass chlorenchyma cells (Raven et al., 1999) and could keep the cusps of the mouthparts apart, so preventing them crushing the chlorenchyma cells. Conversely, milling theory (Lowrison, 1974) suggests that the silica particles would be too small to crush the chlorenchyma cells, because the cells could readily slip out from between them.
To test this mechanical protection hypothesis, two sets of experiments were carried out. First, high-and low-silica leaves were briefly ground mechanically and then the integrity of their chlorenchyma cells compared. Integrity was determined by comparing the amount of chlorophyll that could be readily extracted from the ground leaves with the total amount of chlorophyll that they contained. How For Permissions, please email: journals.permissions@oxfordjournals.org much chlorophyll remained in the faeces was then compared after high-and low-silica grasses had been eaten by and passed through the digestive tract of locusts. This would determine how successful the grasses were at preventing the contents of their chlorenchyma cells from being digested and hence, by implication, their cell walls from being disrupted by the locusts' mouthparts.
MATERIALS AND METHODS

Study species
The grasses chosen for study were Lolium perenne L. and Festuca ovina L., and the herbivore was the locust Schistocerca gregaria Forskal, all of which had been successfully used in previous studies . The grasses were chosen because they had contrasting palatability to locusts , with Lolium being more palatable, yet silica acted as a defence in both species; high-silica plants were eaten significantly less by locusts than low-silica plants, while locusts fed exclusively on high-silica grasses performed less well and digested the grasses less efficiently than those fed on low-silica grasses . Foliar silica content (n ¼ 10 per silica treatment from different tray compartments) was determined in March 2007 by fusing oven-dried leaf samples (approx. 0 . 2 g) in sodium hydroxide followed by analysis using the colorimetric silicomolybdate technique (Allen, 1989; .
Grinding experiments
To simulate locust chewing, grass leaves were mechanically ground in as far as possible a repeatable way using a pestle and mortar. While this may not exactly simulate locust mandibles there is sufficient precedent (Caswell and Reed, 1976) to use this technique to estimate differential mechanical extraction. Leaf tissue, 0 . 25 g from each of the high-and low-silica trays of grass of each species (n ¼ 10), was placed into a mortar together with 10 mL of 100 % ethanol (Fisher Scientific). The tissue was ground by a single researcher (J. W. Hunt) turning a pestle 50 times in the mortar over the grass and applying as far as possible a constant crushing force.
Chlorophyll release occurs when chlorenchyma cell walls are ruptured, so the percentage of the total chlorophyll released represents a readily quantifiable measure of the mechanical breakdown of these cells. Extracted chlorophyll was filtered and analysed spectrophotometrically within 5 min of grinding (Jespersen and Chistoffersen, 1987) to determine the chlorophyll content. The grass tissue left in the filter was then returned to the mortar along with 10 mL of ethanol and the amount of chlorophyll remaining was determined by thoroughly grinding the tissue, leaving for it for 10 min for full chlorophyll extraction, and repeating the spectrophotometric analysis. Control samples held in ethanol for 5 min without grinding showed no discernable leakage of chlorophyll, showing that the action of ethanol alone was unable to cause release of chlorophyll over this short time period.
Locust feeding experiments
To investigate the relative amount of intact chlorenchyma after locusts had eaten grass, the chlorophyll content of their faeces was determined. Fourth instar locusts Schistocerca gregaria, obtained from Blades Biological, were maintained on Poa pratensis grass. This ensured that locusts had no previous experience of the experimental grasses. For the tests, locusts were individually caged (n ¼ 10) in 1-L sandwich boxes, and starved for 24 h, much longer than the clearance time of locusts, so all food eaten before, would have passed through their guts. Any faeces were removed and each locust was assigned to a diet treatment (Festuca or Lolium; low or high silica). Locusts were given surplus fresh grass leaves (approx. 0 . 5 g) daily. After 3 d, locust faeces were collected from each cage and 0 . 1-g samples were analysed for chlorophyll content. Faeces were ground, together with 10 mL ethanol until all of the chlorophyll had been extracted and chlorophyll content was again determined using the spectrophotometer.
RESULTS
Silica content of grasses
Plants given added silica had levels that were approximately three times as great as those without added silica (Fig. 1A) , results which were highly significant (Lolium t 18 ¼ 8 . 72, P , 0 . 001. Festuca t 18 ¼ 9 . 72, P , 0 . 001), despite the possible confounding effect of silica in the added tap water.
Grinding experiments
There were no significant differences in total leaf chlorophyll levels between silica treatments for either grass species (Fig. 1B) . In contrast, the percentage of the total chlorophyll released after initial grinding was significantly lower in grasses subjected to high-silica treatment than low-silica treatment (Fig. 1C) . The percentage released was around 16 % lower in the high-silica plants in Lolium (t 18 ¼ 3 . 25, P ¼ 0 . 004) and 13 % lower in Festuca (t 18 ¼ 2 . 19, P ¼ 0 . 042).
Locust feeding experiments
The chlorophyll content of the faeces from locusts fed high-and low-silica grasses is shown in Fig. 1D . The chlorophyll content of faeces from locusts fed high-silica grass was 38 % higher for Lolium and 33 % for Festuca. However, though the difference for Lolium was significant (t 18 ¼ 2 . 95, P ¼ 0 . 009) it was not quite significant for Festuca (t 15 ¼ 2 . 03, P ¼ 0 . 060) due to high variability.
DISCUSSION
The data described here is to some extent preliminary. Further study could have examined the loss of starch and protein in crushed leaves directly, mimicked tooth action better, and looked at more species. Nevertheless, the results of the two series of tests suggest that silica can affect the mechanical disruption of the walls of chlorenchyma cells in these grasses; proportionately less chlorophyll is released from high-silica grasses by mechanical grinding, while more chlorophyll is left in the faeces of locusts after they have eaten, chewed and digested grass. More chlorenchyma cells must therefore have remained intact in the high-silica plants. Since chlorenchyma cells contain high levels of starch and proteins, especially Rubisco, the mechanical protection of these cells by silica could well be at least partially responsible for the reduced digestibility of high-silica grasses . So how could high silica protect chlorenchyma cells? It is unlikely that it reinforces their cell walls because earlier studies have failed to show significant levels of silica in chlorenchyma cells. Silica is also extremely brittle, so it would be poor at preventing cell wall disruption. It is more likely that the solid phytoliths keep apart the pestle and mortar and the cusps of the molar regions of the locusts' jaws, preventing crushing of the chlorenchyma cells. Certainly in these species the two sets of cells are of near identical size. In Festuca both the silica bodies ( pers. obs.) and mesophyll cells have a diameter of 10 mm (Metcalfe, 1960) , while in Lolium the longer silica bodies are 10-15 mm in width, comparable to the diameter of the mesophyll cells (Metcalfe, 1960) . The suggested mechanical protection function of silica bodies sheds light on their non-spherical shapes. Many, such as those of Lolium, are essentially cuboidal while others have concave regions within them; those of Festuca are heartshaped, while other species have saddle-or dumbbellshaped phytoliths. Such bodies are far more likely to jam between mouthparts than spherical ones, and may also be more abrasive and provide more friction between the mouthparts.
Of course though silica can directly protect cells, this does not preclude other postulated mechanisms of defence. The abrasiveness of silica bodies might still have a role, despite Sanson's recent finding (Sanson et al., 2007 ) that phytoliths are not as hard as enamel. They might still be hard enough to abrade insect mouthparts, so that locusts are either unable to process food so efficiently or reduce chewing to prevent abrasion. The silica could also damage the gut lining or act chemically to disrupt digestion. Further experiments are clearly needed to determine the relative importance of the different mechanisms. Though phytoliths reduce the digestibility of grasses to small herbivores such as locusts which digest only the cell contents, they may not have the same effect for large vertebrate herbivores such as ruminants. In the fermenting rumen, cell walls are broken down by symbiotic bacteria (Alexander, 1993) , so large herbivores could digest highsilica grasses whether chewing has mechanically disrupted their cell walls or not (Van Soest and Jones, 1968; Smith et al., 1971) . However, reduced mechanical breakdown could slow down the rate of digestion, so ruminants might have to chew high-silica grass for longer and reduce their consumption rate. In support of this, recent work (F. P. Massey, A. R. Ennos and S. E. Hartley, unpubl. obs.) has shown that high silica reduces the bite rate of sheep. Clearly more research is needed to fully understand the functional morphology of phytoliths. However, it is concluded that mechanical protection of resources in chlorenchyma cells is a novel and potentially important mechanism by which silica protects grasses.
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